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1. ABSTRACT 
  

Stem cell therapy is currently considered as an 
important regime for repairing, replacing or enhancing the 
biological functions of the damaged tissues. Among adult 
stem cells, hematopoietic stem cells (HSCs) are commonly 
used for cure of hematological disorders. However, the 
number of HSCs obtained from sources like bone marrow, 
peripheral or umbilical cord blood is not sufficient for 
routine clinical application. Thus, ex-vivo expansion of 
HSCs becomes critically important. Ex-vivo culture and 
expansion of stem cells are challenging, as stem cells 
differentiate in culture rather than self-renew. Lack of

 
 

 
 
 
 

clarity about the factors responsible for quiescence and 
differentiation of HSCs, investigators struggled to optimize 
conditions for ex vivo expansion. As we understand better, 
various strategies can be incorporated to mimic in vivo 
conditions for successful expansion of stem cells. However, 
characterization and biological functionality should also be 
tested for expanded stem cells prior to clinical application. 
To treat ischemia by enhancing therapeutic angiogenesis 
and neo-vascularization, the role of genetic modification of 
HSCs with pro-angiogenic factors is the focus of this 
review.
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2. INTRODUCTION 
 

Stem cells can be defined as cells, which possess 
the capability of self-renewal and are able to produce a 
terminally differentiated cell of at least one lineage (1). 
Stem cells are broadly categorized into embryonic stem 
cells and adult stem cells, and these cells originate from the 
embryonic tissues de-novo. Embryonic stem cells are 
derived from inner mass cells of the blastocyst of embryo 
and are capable of forming all germ layer of the embryo 
except the extra-embryonic organs such as placenta (2). 
However, adult stem cells are found in adult tissue and are 
capable of forming cells of specific lineage only.  
 

Stem cells are characterized as totipotent, 
pluripotent and multipotent according to their 
developmental potential. Totipotent stem cells have the 
ability to form all cell lineages of an organism, although 
only zygote and the first cleavage blastomeres retain that 
ability. Next in the hierarchy are pluripotent stem cells such 
as embryonic stem cells that have the ability to form all cell 
lineages of the body. Coming down the hierarchy are the 
multipotent stem cells, which retain the ability to form 
multiple cell types of one lineage, such as hematopoietic 
stem cells (HSCs), and is our interest of discussion in the 
current review. 
 

There is another class of stem cells called induced 
pluripotent cells (iPS), which are generated by 
reprogramming of the somatic cells by induction of genes 
(eg. adult mouse or human fibroblasts cells), as a result, 
induced cells transformed into pluripotent stem cells (3, 4). 
This induced pluripotency required viral vector-mediated 
integration procedures of genes such as Klf4, c-Myc, 
Oct3/4, Sox-2 to re-program the somatic cells towards ES-
like functionality and phenotype. However, long-term 
effects and clinical applicability of these iPS cells are yet to 
be defined. Teratomas (cancerous growth) generated by the 
implantation of iPS cells are a proof of their pluripotency or 
an overexpression of the putative oncogenes such as c-Myc 
and Klf-4.As using viral vectors reprograms iPS cells, in 
vivo effects of viral vectors are yet to be determined. Viral 
transduction procedure poses more complications and is 
potentially bio-hazardous as discussed later in this review 
(5). However, recently non-viral methods were employed 
to generate iPS cells. Plasmids instead of the lentivirus or 
retroviruses were used to generate viral-free iPS cells 
which had the expression level of the genes similar to the 
ES cells and also gave rise to adult chimeric mice (6). 
However, the long-term biological efficacy and safety of 
iPS cells are under critical investigation and yet to be 
proven for therapeutic use. Therefore, further investigations 
are required to prove iPS cells as a “bio-safe” for the 
therapeutic purposes.  

 
The current review provides an overview of the 

stem cells focusing on regulation of HSC in vivo, to 
provide a better understanding for successful ex-vivo 
expansion without the induction of terminal differentiation. 
The review also outlines some of the technological 
advances used to genetically modify HSCs for their 

effective use in pre-clinical studies, especially in the 
context of ischemic diseases.  
 
3. HSC REGULATION AND 
MICROENVIRONMENT 
 
 Stem cells are maintained in a specialized 
microenvironment called niche. Niche is specialized 
anatomic location composed of supporting cells and extra-
cellular matrices that regulate the basic functions of stem 
cells and maintain homeostasis (7, 8). Microenvironment 
saves the stem cell population from depletion and regulates 
uncontrolled malignant proliferation (9). Such 
spatiotemporal relationship is maintained lifelong in 
various organs of the body including bone marrow niche 
where HSC resides. Bone marrow niche has unique cellular 
composition, which is intrinsically linked with the HSC cell 
cycling and functioning. Of those, osteoblasts, the bone 
lining cells (10); stromal cells such as vascular endothelial 
cells, extra-cellular matrix proteins, high mineral content 
and low oxygen content were shown to participate in 
regulation of stem cell  micro-environment (11) (Figure 1). 
 
3.1. Niche cells  

 Osteoblast and vascular endothelial 
cells play major role in regulation of the HSC niche. Based 
on the anatomical considerations, trabecular bone 
fragments are embedded in stromal rich reticular tissues 
that form the endo-osteal or osteoblastic niche (12). 
Fenestrated sinusoidal endothelial cells and perivascular 
space forms the vascular niche (13). Several reports 
suggested an osteoblast (0B) mediated regulation of HSCs. 
Concomitant increase in the number of trabecular 
osteoblast (OB) cells caused an significant increase in the 
Lin- Sca-1+c-Kit+ subpopulation of HSCs in the transgenic 
mice, whose OB cells constitutively expressed PPR 
(parathyroid hormone receptor). Parathyroid hormone is 
known to activate the osteoblast cell activity. Primitive 
HSCs were also increased and superior engraftment in the 
irradiated recipients was observed. However, more mature 
colony forming unit cells were not increased indicating that 
the effect was more pronounced on early primitive HSCs 
(14). Endo-osteal sites have been identified as the sites for 
quiescent stem cell localization (15). Interestingly, ablation 
of osteoblast cells in vivo caused re-location of HSCs to 
sites outside bone marrow such as liver and spleen 
indicating an intricate link between HSCs and osteoblasts 
(16).  
 

Multiple reports showed that cytokines secreted 
from osteoblasts regulate the stem cell function and 
viability. Among the cytokines, interleukin 3 and 6 (IL-3 
and -6), leukemia inhibitory factor (LIF), granulocyte-
colony stimulating factor (G-CSF), macrophage stimulating 
factor (M-CSF), osteoprotegrin (OPG), vascular endothelial 
growth factor (VEGF), stromal derived factor (SDF), 
receptor activator of NF-�B ligand (RANK-L) and many 
others were indicated to play an important roles (10, 17-
20). G-CSF plays a significant role for maintenance and 
differentiation of HSC towards the hematopoietic lineage 
(21), while osteoprotegrin showed inhibitory effects on the 
HSC function and proliferation (20). Also, it was suggested 



Genetically modified stem cell functionality 

856 

 
 

Figure 1. HSC regulation within bone marrow. Factors responsible for maintenance of stem cell self-renewal versus 
differentiation are indicated with arrowheads.  

 
that osteoblasts secrete soluble factors that were not 
detected in absence of HSCs, thus may play a major role in 
quiescence of HSCs (22).  
 

Vascular endothelial cells also provided 
regulatory cues for HSC fate. About two-third of the HSCs 
were found localized to sinusoids in bone marrow and 
spleen (23). The reticular cells around the sinusoids 
secreted high levels of SDF-1, chemokine required for HSC 
maintenance and homing (24) interacting with SDF-1 
receptor called CXC chemokine receptor 4 (CXCR4) 
expressed on HSCs (25). HSCs were consistently found in 
contact with vascular endothelial cells and SDF-1 was 
implicated in regulation in the above-discussed niche (26). 
Cumulative contributions to HSC fate from lesser-studied 
bone marrow cells such as MSCs, osteoclast, adipocytes, 
megakarocytes was also suspected (26, 27). 
 
3.2. Niche signaling 

Stem cells renewal is broadly dependent on the 
signaling pathways regulated via Notch, Wnt and other 
factors. Notch signaling was reported to be a gatekeeper 
that maintains the undifferentiated state of HSC and 
inhibits commitment to any lineage (28). Hematological 
malignancies demonstrated the importance of Notch 
signaling in the HSC niche. Notch signaling was 
responsible for increasing the number of stem cells (29). 
This signaling involves receptors-Notch 1, 2, 3 and 4 
whose ligands belong to either Jagged or Delta family of 

ligands. Notch ligand, Jagged-1 is expressed on bone 
marrow stromal and osteoblastic cells (30, 31).  Activated 
Notch cytoplasmic domain was detected in the HSCs and 
increased Notch ligands were detected on osteoblastic cells 
(14). Wnt signaling was also shown to play a significant 
role in HSC self-renewal. Inhibition of Wnt signaling 
reduced the numbers of primitive HSC and their viability in 
vitro and decreased their expansion in vivo (32, 33). Wnt 
signaling is interdependent on Notch signaling as inhibition 
of Notch signaling disrupted the ability of Wnt signaling to 
maintain HSCs in undifferentiated state (28). Previous 
report showed that Wnt signaling caused an increase in 
immature colony forming cells in human and mouse 
progenitors alike (32).  

 
Along with the osteoblasts, other cells such as 

stromal cells were also implicated to cause Notch signaling 
and maintain HSC population. HSC expansion is also 
regulated via bone morphogenetic protein receptor 
(BMPR1A) signaling mediated through osteoblastic cells 
(15). Quiescent HSC state, maintained by activation of p21 
signaling, and in its absence increased stem cell cycling 
lead to stem cell exhaustion in irradiated p21 deficient mice 
(34). 
 
3.3. Niche adhesion molecules  

Survival of the HSCs was shown to depend on 
the expression and its engagement with the osteoblast cells 
through integrin family called very late antigens (VLA-4 
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and VLA-5) (10). Stem cell receptor tyrosine kinase (Tie-2) 
and its ligand angiopoietin (Ang1) also contributed to the 
expansion of the long-term HSCs and were found to 
promote tight adhesion of HSC to their niche (35). Increase 
in the osteoblastic population caused simultaneous 
augmentation of the long-term HSCs and interaction 
through Tie-2 / Ang1, crucial for maintenance of 
quiescence of HSCs (35). Ang-1 was shown to express on 
osteocalcin producing cells (marker for mature osteoblast) 
and the expression level was much higher than the HSC, 
confirming that Ang-1 was mainly produced by osteoblasts. 
Furthermore, it was shown that most of the side-population 
HSCs (SP-HSCs) expressed Tie-2 receptor and Tie-2 
expressing cells adhered to the Ang-1 expressing cells 
confirming that HSC niche was strongly regulated by 
osteoblastic interactions (35).  
 
3.4. Chemical regulation of niche 

Emerging studies reveal that extremely high 
concentrations of calcium (40 mmol/L) in endo-osteal sites 
play a crucial role in HSC functions. HSCs were found to 
express calcium-sensing receptor (CaR) (36) and responded 
to extra-cellular ionic calcium concentrations. Preferential 
localization of the HSCs was found to be dictated via the 
CaR signaling during mammalian ontogeny. As 
hematopoiesis shifts from fetal liver to bone marrow and 
continues to occur throughout the post-natal life, HSCs 
migrate and home to the bone marrow niche. CaR-/- HSCs 
were shown to have defects in the ability to adhere to 
collagen I, an extra-cellular matrix protein of bone secreted 
by osteobalsts. CaR knockout studies also revealed that 
circulating HSCs home to bone marrow but failed to lodge 
to their endo-osteal niche (11) and as a result reduced 
number of cells were found in the bone marrow.  
 

Partial pressure of oxygen also showed a 
significant role in maintenance of hematopoietic 
progenitor cells. Endo-osteum has the lowest partial 
pressure of oxygen as it is located distal to bone 
vasculature (37) and has highest number of osteoblasts 
compared to other locations of the bone marrow. Thus, 
maintenance of the primitiveness of HSCs could be 
related to interplay between these factors. Low oxygen 
culture for HSCs was shown to maintain the multi-lineage 
engraftment potential, when transplanted into an irradiated 
mouse (38). Another report showed that oxygen pressure is 
crucial for HSCs survival, when umbilical cord blood 
derived HSCs (UCB-HSCs) were cultured in the oxygen 
concentrations, relevant to the bone marrow 
microenvironment, failed to survive, however, when 
supplemented with bone marrow relevant cytokines and 
adhesion molecules, they survived. These findings were 
explained by stating the fact that UCB microenvironment 
is fundamentally different from the bone marrow, 
because osteoblasts are absent and partial oxygen 
pressure is higher (5%) in UCB (39). It was also found 
that survival signals were activated via AKT 
phosphorylation downstream to the VLA-4 and VCAM-
1 interactions (40) in low oxygen pressures, only when 
proteins and cytokines were supplemented. Thus, low 
oxygen pressure in bone marrow may compensate for 
paracrine effects of the surrounding cells.  

 
However clinically, cord blood derived stem cells have 
been shown to be more safe for allogenic transplantation in 
the patients with the hematopoietic diseases than those 
derived from bone marrow and peripheral blood. Also, 
since UCB derived HSC allows for greater HLA disparity 
thus having a higher chance of getting a donor for minority 
population. 
 
4. HEMATOPOIETIC STEM CELL EXPANSION  
 

HSCs can be harvested from multiple sources, 
such as bone marrow, peripheral blood or from the 
umbilical cord blood. Recently, human umbilical cord 
blood was implicated to be a potential source for variety of 
stem cells such as hematopoietic stem cells, unrestricted 
somatic stem cells, mesenchymal stem cells and endothelial 
progenitors (41, 42). Previously, umbilical cord blood was 
discarded after the delivery of fetus and placenta but 
recently it has been collected and used as a source of 
progenitor cells (43). The fetal blood, including umbilical 
cord or placental blood obtained after the birth, was also 
shown to be a significant source of haematopoietic stem 
cells (44) and can be used as an alternative source to bone 
marrow for clinical transplantations (45). Clinically, use of 
cord blood is advantageous as it is easy to harvest, harmless 
to donor, ethical with negligible viral or bacterial 
contamination, ontogentically primitive and can be stored 
in cord blood bank for years. UCB transplantation was 
associated with reduced risk of developing graft versus host 
disease (46). All the above reasons made researchers to be 
interested in the cord blood for isolation of stem cells, and 
expansion as well as genetic modification.  
 
4.1. Factors regulating ex-vivo expansion  

Self-renewal, proliferation and differentiation of 
HSCs are tightly regulated in-vivo by variety of autocrine 
and paracrine signaling. Ex-vivo expansion of the stem cell 
strategies mimicked the in-vivo environment by use of 
cocktail of growth factors, cytokines, biomaterials that 
simulate extra-cellular matrix, feeder stromal layers but 
with limited success. Delicate balance of self-renewal 
versus commitment towards differentiation has been the 
major challenge of ex-vivo expansion (Figure 1). Use of feeder 
layer for expansion is disadvantageous because of its lesser-
defined chemical nature. Also, purity of the HSCs for 
transplantations after the co-culture was always the cause of 
concern as it altered the engraftment kinetics in-vivo. Cocktail 
of cytokines and growth factors was preferred because of their 
defined chemical nature, however, this method required critical 
optimization. Genetic manipulation of HSCs was proposed 
based on the genes that promote self-renewal but risk of 
transformation affecting their therapeutic potential is 
suspected.  Also, it is difficult to get sufficient number of 
HSCs from a single cord for any adult patients (47, 48). So, 
two or more cord bloods were combined for a single recipient, 
but the failure of engraftment and high rates of mortality was a 
cause of concern (49). Therefore, ex-vivo expansion of 
nucleated cells from cord blood is under critical investigation 
by researchers since years. In-vitro simulation of stem cell 
niche was performed to better understand the role of these 
cytokines in expansion and preservation of function. 
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Although yield of HSCs from bone marrow sources are 10 
times higher than that of cord blood, but their ex-vivo 
expansion is significantly lower than cord blood HSCs 
(50). For ex-vivo expansion purpose, we used freshly 
isolated cord blood-derived stem cells and incubated on a 
poly-ether sulfone (PES) nanofiber with serum-free media 
containing TPO, flt-3, IL3, LDL, SCF and found a 
significant expansion of stem cells retaining their 
phenotype (51-53).  
 
4.1.1 Interleukin-3 

IL-3 was one of the earliest cytokines implicated 
in self-renewal, proliferation and differentiation of 
primitive and mature hematopoietic stem cells (54). IL-3 
receptors were found to be present on HSC, B and T cells 
and myeloid cells (55). The effect of IL-3 on adult HSCs 
remains controversial. IL-3 was shown to increase (56) and 
decrease (30) (57) the expansion and/or self-renewal 
capacity of adult HSCs. Contradictory effects of IL-3 were 
most likely influenced by its concentration, the 
presence/absence of other cytokines, serum, culture 
conditions and tested cell populations. Comparison of the 
role of IL-3 and IL-11 along with the other cytokines such 
as Flt3, megakaryocyte developmental factor and c-kit 
ligand showed that IL-3 and IL-11 both promote efficient 
self-renewal and proliferation of murine Lin- Sca+ kit+ 
(LSK) cells with sustained long-term repopulating stability 
(56). Negative effects of IL-3 and positive effects of IL-11 
on self-renewal and the engraftment capacity of adult HSCs 
were also reported (58). 
 
4.1.2. Interleukin-6 

 IL6 was used for expansion of the murine HSCs 
in culture. Since IL6 receptor is not expressed by human 
HSC, investigators employed a strategy where they 
supplemented the stem cell media with soluble IL6 receptor 
(sIL6R) and IL6 along with Flt3L, TPO and stem cell 
factor (SCF) for the expansion (59). The interaction was 
mediated through gp130 expressed on the HSCs crucial for 
ex-vivo HSC expansion. Based on these observations, 
fusion protein for sIL6R/IL6 was synthesized and 
supplemented in the stem cell media for expansion of UCB 
derived HSC (60) and peripheral blood progenitors (61). 
 
4.1.3. Thrombopoietin 

Thrombopoietin (TPO), a glycoprotein hormone, 
plays a crucial role in maintenance of quiescent-HSCs in 
bone marrow and produced by bone marrow stroma and its 
receptor, c-mpl is expressed on HSCs (62). However, TPO 
is not essential for embryogenesis and development. TPO 
knockout mouse showed a reduced capacity of engraftment 
of HSCs (63). Report also indicated that combination of 
TPO with Flt3/Flk2 ligand could support the expansion of 
HSC derived from UCB (64). Small molecule agonist for 
the TPO receptor, c-mpl was shown to be more efficient in 
increasing the numbers of the primitive HSCs and SRC 
(SCID repopulating cells)(65). 
 
4.1.4. Fetal liver tyrosine kinase 3 ligand 

The FLT3 receptor tyrosine kinase (FLT3) was 
selectively expressed on HSCs and binding of its ligand 
(FL) induced HSC proliferation (66). Mobilization of HSCs 

to peripheral blood was reported in the presence of FL in 
combination of G-CSF and superior engraftment potential 
was observed after transplantation in murine models of 
myeloablation (67). FL was shown to be an effective 
cytokine that increased the number of long-term 
repopulating cells in cultures of CD34+ human bone 
marrow cells (68).  
 
4.1.5. Stem cell factor 

Stem cell factor (SCF) plays a central role in the 
regulation of the early hematopoiesis. SCF is extensively 
studied in ex-vivo expansion experiments as its receptor; c-
kit was show to be expressed by hematopoietic cells (69). 
Also, it was found to exhibit synergistic effects in number 
of hematopoietic growth factors and was used in treatment 
of broad spectrum of hemtopoietic diseases (69, 70). None 
of the above-mentioned cytokines were able to promote 
expansion of Lin-1Sca +1c-kit+1 HSCs alone, however, 
combination such as SCF, FL and IL-11 enhanced the 
production of progenitors and nucleated cells (71). 
 
4.1.6. Signaling molecules 

Another possibility of expanding the HSC 
population is via supplementation and activation of 
signaling molecules and genes involved in self-renewal 
of HSCs and enhancing differentiation-inhibitory effects 
during hematopoiesis (72). Understanding the functions 
of genes such as HOX-B4, Wnt, Notch signaling 
molecules and cell cycling genes such as p18, p21 are 
crucial to achieve successful engraftment in host after 
ex-vivo expansion of HSC (73-75). Homeobox genes 
were identified as critical factors for the regulation of 
early development of hematopoiesis. HOX-B4 gene 
promoted expansion of HSCs in-vivo and in-vitro and 
was able to retain HSCs differentiation ability into 
normal lymphoid and myeloid cells (76, 77). Soluble 
Sonic-hedgehog showed increased self-renewal of 
human HSCs, however, expansion was relatively modest 
(78). Notch signaling preserved the stem cell nature of 
HSC and signaling was mediated through 
transmembrane receptors and ligands. Notch signaling 
was shown to inhibit stem cell differentiation and 
maintained the self-renewal ability (79) in HSC niche. Notch 
ligand (Jagged 1) was shown to be presented by osteoblasts 
and augmented the numbers of the immature HSCs. Soluble 
Notch ligand (Delta-1) pre-coated-culture plates were used for 
ex-vivo expansion (80) and showed 4.5 fold expansion of 
SRC’s (most immature HSCs) (81) and 240-fold increase in 
nucleated cells over a period of 3-4 weeks. Long-term in vivo 
myeloid and lymphoid repopulating capacity of the expanded 
cells was observed (53-67%) (80) by transplantation in the 
NOG mice (NOD/SCID mice with IL-2 receptor common 
gamma chain-knockout), known to accept transplanted HSCs 
and their differentiation into T-cell lineage (82). 
 

So, the importance of ex vivo expansion of stem 
cells is critical, as it will provide sufficient number of stem 
cells for genetic modification, which can be used for 
therapy not only in hematopoietic disorders but also in 
degenerative disease such as ischemic diseases, 
neurological disorders or in autoimmune dysfunctions 
(Figure 2). 
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Figure 2. Stem cell expansion, modification and therapy for ischemia. Purified HSCs were seeded on the nanofiber-coated plate 
supplemented with serum-free media and growth factors for expansion. Expanded HSCs were genetically modified with pro-
angiogenic factors and injected into the circulation via left ventricle of a murine hind limb ischemic model. Doppler images were 
taken for monitoring revascularization in the limbs. 

 
5. GENETIC MODIFICATION OF STEM CELLS  
 

Since stem cells can differentiate into various 
lineages, they offer a great deal of potential for the 
treatment in regenerative medicine. Genetically modifying 
stem cells is an attractive approach, where combinations of 
stem cell and gene therapy act-in-synergy for effectively 
reverting the disease state. Several methods have been 
employed to genetically modify stem cells but with variable 
efficiencies. Procedure of transfection for genetic 
modification of cells could be of two different types i.e. 
transient or stable transfection. The transient transfection 
resulted in high levels of expression of the introduced gene 
but only for few weeks. However, stable transfection had 
lower level of expression, than the transient but lasts for 
longer period of time. Methods employed to introduce 
foreign DNA into the stem cells include both viral and non-
viral-mediated gene delivery system. 
 
5.1. Viral methods 
 Viruses are infectious agents that cause variety of 
diseases in human. Viral genome consists of either RNA or 

DNA enveloped by a protein coat. Viruses replicate in 
living cell only and utilize and overtake the host cellular 
machinery. These infectious agents transfer genetic 
material from one cell to another. This important property 
makes them clinically important vector for introducing a 
normal copy of gene into host cells via the mechanism 
called transduction or transfection. The viral methods of 
transduction employ variety of viruses as carrier of the 
candidate genomic sequence as described below. 
 
5.1.1. Retroviruses 
 Retroviruses are RNA viruses and are the most 
common mode of stable transfection. Retroviruses carry an 
enzyme called reverse transcriptase capable of synthesizing 
cDNA from its RNA genome. The resultant cDNA is single 
stranded and is replicated as double stranded DNA 
(dsDNA) genome. Viral genome has an important property 
of being linear but randomly integrated into the host 
genome (chromosomal DNA). This feature has been 
exploited to transduce the hematopoietic stem cells for 
therapeutic purposes in various experimental procedures 
and clinical trials, but with limited success (83). 
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Retroviruses are restricted with respect to the size of the 
transgene as they are able to carry only 9-10 kb (84) 
compare to non-viral method (electroporation) where 50-
100 kb plasmids can be transferred. Low transduction 
efficiencies of only 10-40% are currently possible with the 
existing generation of retroviruses (85, 86). However, 
higher transduction efficiencies of retroviruses could be 
achieved by concentrating the vector to high titer or by 
packaging the retrovirus in a heterologous envelope with broad 
host spectrum. Autologous CD34+ cells were mobilized from 
the bone marrow and transfected with the multi-drug resistance 
gene (MDR-1) via retroviral transduction in presence of 
recombinant fibronectin CH-296 with a median efficiency 
range of 13 to 24% and engraftment kinetics were not 
adversely affected. Though promising results were observed in 
clinical therapies, potential risks were reported. It was reported 
that in X-SCID gene therapy (83) patients developed leukemia 
due to insertional mutagenesis caused by retroviral-mediated 
transfection (87). Other disadvantages would be due to the 
fusion of the transgene product with the cellular products thus 
causing some toxic side effects. Loss of homing of HSCs after 
transfection, variation in copy number of the virus in each cell 
or the side effects of the regimens used for engraftment 
procedures in patients was also reported (88). Evidence 
indicated that the onco-retroviral integration occurs preferably 
in the genes that are being actively transcribed in HSCs (89), 
and some preferred transcription start sites of the HSC genes 
(90), this can potentially affect the functionality of the HSC 
upon transplantation (91, 92). Also, retroviruses were limited 
to transduction to the cycling cells compare to the quiescent 
cells (93), thus posing more restrictions on the choice of cells 
for transduction along with the above-mentioned limitations.  
 
5.1.2. Lentiviruses 

Lentiviruses belong to the group of retroviruses 
that are known to cause slow and progressive fatal disease 
in livestock animals. Lentiviruses are being constantly 
modified due to their ability to transduce non-proliferating 
cells, thus making gene therapy possible in larger spectrum 
of tissue and cell targets. HSCs mostly existed in mostly 
G0/ G1 and were rarely found in G2, S or M phase of the 
cell cycle (94, 95). Although the possibility to transduce 
CD34+ HSCs from hUCB is high but transfection 
efficiency increases if these cells are found in proliferative 
phase (G2, S or M) (96). It was reported that G0/G1 HSC 
engraft better than those cycling in G2/S/M2 phase (97). 
Thus the lentiviral-mediated transfection is advantageous 
for the HSC (98), however, transduction efficiencies was 
low (98) compare to the non-viral methods (53, 99).  
 
5.1.3. Adeno-associated viruses  

Adeno-associated viruses (AAVs) are DNA 
viruses have linear single stranded genome (100). It is the 
smallest virus know, that infects human cells and has been 
found to be non-malignant and possess some anti-
tumorigenic properties (101, 102). Adeno-associated virus 
requires helper virus co-infection for efficient replication 
but in absence of these viruses it has been found to have 
specific insertion site in human chromosome 19 (102, 103). 
Variable expression levels of surface receptor limit the 
transduction of the CD34+ HSC with the AAV2 vectors. It 
also impaired the ability of the pro-viral genome integration 

in the host genome due to lack of second strand of DNA 
and transcriptionally active genome. Varied results 
regarding the AAV2-mediated transduction have been 
reported. Transient expression of genes in human CD34+ 
cells was observed because of inefficient viral genome 
integration, while others reported successful transduction of 
primitive human HSCs that presented with successful 
engraftment in primary and secondary host (104). These 
studies strongly suggest that there is need for protocol 
optimization to enhance the transfection efficiencies, and a 
self-inactivating vector also needs to be introduced without 
compromising the normal functioning of the HSCs.  

 
Further work needed to be done to generate bio-

safe vector design that would ensure higher transfection 
efficiencies. Thus, there is a strong need to develop safer 
and more reliable techniques for efficient transfer of genes 
into stem cells. 
 
5.2. Non-viral methods 

Non- viral methods of transfection consist of 
chemical and physical methods. Many parameters influence 
the transfection efficiency, including cell type (primary 
versus transformed cell lines), culture conditions, vector 
types and choice of the transfection technology. Numbers 
of different transfection technologies are currently available 
to the researchers and each of them has their own merits 
and demerits. Among them, calcium phosphate method, 
electroporation and liposome mediated transfection and are 
commonly used and discussed here.  
 
5.2.1. Calcium phosphate  
  The principle of this method is to mix DNA in a 
phosphate buffer with calcium chloride to form a 
precipitate, which adheres to the cell membrane and is 
endocytosed into the cytosol. This method is suitable for 
stable transfection; however, variability of DNA transfer 
and low expression is a common disadvantage. 
Optimization of protocols is needed and little variations in 
pH, concentration of DNA, calcium concentrations and 
phosphate ions, serum and temperature seems to control the 
precipitate size (i.e. size of DNA-calcium phosphate 
complexes) and transfection efficiencies (105, 106). 
 
5.2.2. Lipofection  

This technique employs lipid based cationic 
reagents for transfection purposes. Cationic lipids interact 
electrostatically with negatively charged DNA thus forming 
a lipid-DNA complex. Since, this complex is lipophillic, it 
can easily pass through the hydrophobic cell membrane 
(107). However, their mechanisms of cell endocytosis and 
cellular trafficking are not clearly understood (108). Lipid-
based reagents, such as FuGene, lipofectamine and 
oligofectamine are being extensively employed for 
transfection of transformed cell lines as well as primary 
cells with variable efficiencies. Cationic lipids are easy to 
prepare and offer negligible toxicity and immunogenicity 
issues compare to viral vectors (109). 
 
5.2.3. Electroporation  

This method involves transient formation of 
pores on the cell membrane via high-voltage pulses and 
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enables the transfer of the exogenous target DNA to 
cytoplasm of the recipient cells. This technique proved to 
be highly useful for efficient transfection; however, 
mortality rate is high with this procedure. Recently it was 
shown that increasing the number of cells would decrease 
the cell mortality (110). Electroporation is best for 
suspension cells rather than adherent cells. The 
electroporation technique was used for transient 
transfection of any cell types (111). 
 

All the above-described methods deliver the 
DNA into the cytosol, however, their entry into nucleus 
becomes indispensable for the transfected DNA expression. 
These methods delay the expression of transfected DNA, as 
DNA needs to cross the nuclear membrane barrier. 
Experiments have shown that transfected plasmid DNA is 
not transported efficiently into the nucleus of quiescent 
cells (112). During mitosis, the nuclear membrane 
disintegrates, allowing transfected DNA to enter and access 
the nuclear transcription machinery. Also, different stages 
of cell cycle affect the transfection efficiency, confirming 
that G1 phase cells has poor expression of the cytosolic 
transfected DNA, compared to actively cycling cell (112). 
Thus, DNA arrives within the nucleus only when nuclear 
barrier disintegrates and requires nuclear pore complex to 
import and is hard to transduce DNA in non-cycling cells 
(113). 
 
5.2.4. Nucleofection  

As earlier discussed, only actively dividing cells 
were transduced efficiently, a newer transfection technique, 
modified version of electroporation called nucleoporation 
or nucleofection was introduced (Lonza Group Ltd) (114). 
Nucleofection employs cell-specific electrical parameters 
and nucleofector solution to deliver genetic material, 
including DNA, small interfering RNA (siRNA) and 
oligonucleotides directly to the nucleus. HSCs are well-
known quiescent cells and were found to be difficult for 
gene transfection using above-mentioned techniques. 

 
Our laboratory regularly uses nucleoporation to 

transduce genes to HSCs with high efficiencies (53, 99). 
Other cell types such as bone marrow derived stem cells, 
endothelial cells, keratinocytes are also successfully 
transduced with this technology (114-116). This 
experimental procedure offers several advantages such as 
short sample preparation time; pulsing the cell solution and 
plating the nucleofected cells take less than 30 minutes to 
accomplish. Highly significant transduction efficiency 
overcomes the disadvantage of high mortality rate (117). 
Direct delivery of nucleic acids to the nucleus, reduces the 
delay between transfection and expression and cell division 
is not required. Limited restrictions includes high cost and 
mortality rate, however, optimization of conditions can 
control the mortality rate (117).  
 
6. STEM CELL THERAPY FOR ISCHEMIC 
DISEASES  
 
 Ischemia is a disease state generated by restriction 
in blood supply due to factors present with in the blood 
vessel, which results to damage or dysfunction of tissue. 

Since, oxygen is mainly bound to hemoglobin in red blood 
cells, insufficient blood supply causes tissue to become 
hypoxic, or, if no oxygen is supplied at all, anoxic. 
However, complete cessation of oxygenation in tissues for 
more than 20 minutes typically results in irreversible 
damage. Peripheral arterial disease (PAD) is an example of 
such diseased state, which develops due to occlusion 
caused by systemic arthrosclerosis (fat and cholesterol 
deposition) especially, in arteries of iliac femoral system 
leading to terminal clinical condition known as critical limb 
ischemia (118). This leads to eventual loss of functional 
cells, daily life activities with possibility of amputation of 
affected limbs despite the current advances in endovascular 
surgery and interventional radiology. Overall, more than 
12% of the population is affected by PAD, and men and 
women were equally affected (119). Formation of new 
blood vessels or development of collateral vessels from the 
pre-existing blood vessels is critical for the recovery of the 
ischemia and is termed as angiogenesis. At cellular levels, 
the cells of the hypoxic tissue typically undergo oxidative 
stress and produce hypoxia-inducible factor (120)-1�, 
which increases production of many genes that regulates 
and alters the cellular gene expression, angiogenesis, 
change in metabolic switch and apoptosis (121). The 
molecules in hypoxic or ischemia-induced response include 
vascular endothelial growth factor (VEGF), platelet-derived 
growth factor (PDGF), hepatocyte growth factor (HGF), 
and fibroblast growth factors (FGF). At preclinical levels 
the role of these pro-angiogenic factors are tested in the 
murine models of hind limb ischemia (53, 122). The 
treatment for the PAD depends on the restoration of blood 
flow through therapeutic angiogenesis and vasculogenesis.  
 
6.1. Role of pro-angiogenic factors in ischemia therapy 
 Angiogenesis is induced by a combination of 
various soluble factors such as growth factors and 
cytokines, which may be produced by inflammation or 
tumor. The invasion of endothelial cells into the 
perivascular tissue and degradation of the basement 
membrane are important to start the angiogenesis process. 
Elongation of the new vessel is achieved by the 
proliferation of endothelial cells and stabilized by synthesis 
of extra-cellular matrix including the basement membrane 
and integration of pericytes. All blood vessels in the body 
are made up of two major cell types- endothelial cells 
towards the lumen of the vessel and smooth muscle cells 
regulating contraction and relaxation of the vessel. During 
embryogenesis, three major events, responsible for the 
generation of the blood vessels occur (123-125) i.e. 
vasculogenesis (blood vessel formation from the precursor 
cells), angiogenesis (blood vessel formation from pre-
existing vessels and vascular endothelial cells), and 
vascular remodeling. Vasculogenesis was considered to 
occur only in pre-natal life; however, the postnatal neo-
vascularization was also demonstrated in murine model of 
hind limb ischemia. In adult humans, the endothelial 
progenitor cell (126) plays an important role for the neo-
vascularization. Endothelial progenitor cell express surface 
epitopes, such as VEGFR-2, CXCR-4, CD34 and CD133 
and are derived from bone marrow, peripheral blood or 
umbilical cord blood (127, 128). In an event of ischemic 
condition, bone marrow derived EPCs home to the 
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Figure 3. Schematic of revascularization process after genetically modified stem cell therapy in ischemic tissue. A. Ischemia 
generates high level of HIF-1α thus causing upregulation and production of angiogenic factors such as VEGF, PDGF, HGF, 
FGF-2 and others. B. SDF-1 and VEGF causes migration of EPCs from bone marrow to ischemic region and stabilizes 
endothelial cells near the ischemic region. C. Migration of injected genetically modified stem cells to the ischemic region via 
CXCR4-SDF-1 interaction. D. VEGF mediates vascular endothelial permeability and as a result migration of stem cells occur. E. 
Angiogenic factor causes proliferation of smooth muscle cells. F. Various angiogenic factors in presence of stem cell (both 
transplanted and host) along with proliferated smooth muscle and endothelial cells and other supporting cells mediate neo-
vascularization and angiogenesis to ischemic tissues from pre-existing blood vessels. 
 
ischemic region and stimulate the resident endothelial cells 
in the vasculature to mediate vascular repair (129). Critical 
molecules that regulate function of vascular endothelial 
cells, and play role in therapeutic angiogenesis are 
reviewed below (Figure 3). 
 
6.1.1. Vascular endothelial growth factor  
 Vascular endothelial growth factor (VEGF) is 
responsible for the endothelial cell growth and was also 
identified as vascular permeability factor (130, 131). VEGF 
in humans have different isoforms, major subtypes 
comprise of 121, 138, 165 and 189 amino acids. VEGF 165 
is the strongest signal transducer among the VEGF family, 
since it has a very strong affinity to VEGF-R called Flt-1 
and binds to other VEGF-receptor called KDR (VEGFR-2). 
VEGF was shown to be upregulated by physiological 
conditions such as hypoxia, hormonal induction, tumor 
promoters, inflammation and by several other growth 
factors. HIF-1α is the major regulator of the VEGF 
expression under different oxygen concentrations (132). 

Knockout mice for VEGF, VEGF-R1 and VEGF-R2 were 
found embryonic lethal (133). VEGF caused ischemia-
induced mobilization of endothelial progenitor cells (126) 
in mice (122) and humans (134). VEGF was also shown to 
be the mediator of vasculogenesis in both human and 
murine models of limb ischemia (134). VEGF acts on the 
smooth muscle cells (135). It mediates their chemotaxis 
and migration to the hypoxic area, as smooth muscle cells 
are required for remodeling of vessels (136). Circulating 
monocytes and other leukocytes release growth factors 
essential for vascular growth, and VEGF has chemotactic 
effects on these cells (137, 138) offering possible cure for 
ischemia related disorders. VEGF-B is known to cause its 
effects through VEGFR-1, which causes endothelial cell 
differentiation by stimulating nitric oxide (NO) release via 
endothelial NO synthase and Akt pathways (139).  
 
6.1.2. Platelet derived growth factor  
 Similar to VEGF family of growth factors, platelet 
derived growth factor (PDGF) family consists of highly 
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conserved growth factor domain, called PDGF/VEGF 
homology domain. The PDGF family consists of two 
classical members (PDGF-A and PDGF-B), (140) and two 
newly discovered novel PGDF’s called PDGF-C and 
PDGF-D (141, 142). These receptors are expressed by 
myeloid hematopoietic cells, platelets (143), VSMC, 
pericytes and endothelial cells (144). PDGF-B exerts 
angiogenic effects via PDGFR-B receptor signaling [18, 
19]. PDGF molecules exist as homodimers or heterodimers 
and have different receptor affinities (PDGFRα and 
PDGFRβ). These receptors belong to the tyrosine kinase 
receptor family and cause cellular alteration in metabolism, 
proliferation and migration. PDGF in the vascular system is 
important for recruitment of pericytes to maintain the 
vessel integrity (145). Deletion of PDGF-B resulted in a 
phenotype manifested by loss of pericytes in the blood 
vessel and subsequent hemorrhage and its targeted 
inactivation caused embryonic lethality (25).  Synergism of 
VEGF and PDGF-B stimulated the revascularization of the 
ischemic hind limb by promoting vessel growth and 
maturation (26-29). Effects of PDGF-C were seen in 
endothelial cells and were shown to cause angiogenesis in 
ischemic heart (30). PDGF-C stimulated branching in pre-
existing blood vessels, SMC growth (15, 30, 31) and 
caused release of VEGF (32).  
 
6.1.3. Fibroblast growth factor-2  
 Fibroblast growth factor (FGF)-2 molecule exists in 
different isoforms with molecular weight ranging from 18-
25 kd (146, 147). FGF-2 interacts with specific cell surface 
receptor, which share a common feature including a 
conserved cytoplasmic tyrosine kinase domain, 
transmembrane domain and an extra-cellular ligand-
binding domain (148). Fibroblast growth factor has 
pleiotropic effects on various cells and organs. It mediates 
differentiation and regulates the normal functioning and 
tissue repair of various organs (149, 150). FGF-2 induced 
differentiation of endothelial cells and hematopoietic cells 
in vitro (151) and was found to be a potent angiogenic 
molecule both in vitro and in vivo (152). FGF-2 was found 
to stimulate the growth of the small blood vessels in 
embryonic tissue. Marked synergistic effects of the FGF-2 
and PDGF-B was observed on neo-vascularization when 
transplanted in mouse corneas (153), however, the 
mechanism of the synergism is not known. Studies of the 
synergistic effects of the FGF-2 with VEGF-B also showed 
increased development of collateral blood vessels and 
improved the recovery of calf-blood pressure in the hind 
limb ischemia model (154).  
 
6.1.4. Placental growth factor 
 Placenta growth factor (PIGF), VEGF homologue 
has been shown to play an important role in angiogenesis 
via its receptor VEGFR-1 present on endothelial cells 
(155). Impaired collateral growth or arteriogenesis was 
observed in mice lacking either PIGF or VEGFR-1 and 
restoration of angiogenesis was observed via exogenous 
gene delivery in ischemic limb (155, 156). PIGF was 
shown to play an important role in angiogenesis through 
inflammatory macrophage or monocytes mediated 
mechanism or by enhancement in EPC recruitment (157). 
Induction of PIGF expression was stimulated by FGF-2 

gene in murine hind-limb ischemia model and was 
regulated via VEGF/PKC-MEK and NF-κB signaling 
pathway (158). 
 
6.1.5. Hepatocyte growth factor 
 Hepatocyte growth factor (HGF) or scatter factor 
(SF) is a large multi-domain protein, initially identified as 
the mitogen for the hepatocytes (159) but recently found to 
be potent mitogen for the endothelial cells (160). HGF 
induced VEGF production via endothelial cells and 
surrounding vascular smooth muscle cells (161). VEGF and 
HGF were shown to act in synergy, caused regulation of 
endothelial cell cycle (162) and angiogenesis in a paracrine 
manner (163). However, HGF could also act independent 
of the VEGF, via direct activation of Akt ad Erks (164). It 
was also shown that the vascular levels of the HGF 
decreased in the ischemic conditions, however, with the 
delivery of the rHGF via gene therapy induced therapeutic 
angiogenesis in the hind limb ischemia model (165). 
Moreover, intravenous delivery of the HGF caused 
collateral formation of the blood vessels in the hind limb 
ischemic model (165).   
 

The contribution of each of the above angiogenic 
factors was studied in various hind-limb ischemic models 
and was translated into clinical trials with limited success. 
Our recent work showed that ex-vivo expanded HSCs 
transduced with bicistronic vector expressing VEGF and 
PDGF genes, administered via intra-ventricular injection 
into the hind limb ischemia model, augmented 
vasculogenesis resulting in restoration of blood flow 
(Figure 2).  
 
7. CONCLUSIONS AND FUTURE DIRECTIONS  
 

Stem cell therapies are currently being developed 
for clinical applications in the field of regenerative 
medicine and HSCs are already the gold standard for the 
hematological disorders. Ex-vivo expansion is challenging, 
as delicate balance exists between self-renewal versus 
commitment, requires the use of specific concentration and 
combination of cytokines for expansion of biologically 
functional HSC population. Techniques employing viral 
proteins and viral vectors need more critical evaluation as 
viruses present potential risk of transformation. Newer bio-
safe strategies for successful ex-vivo expansion such as 
tissue engineering, use of 3D nanofiber with the chemical 
modifications, cocktail of cytokines of defined biological 
effects need to be established before offering stem cell 
transplantation as a curative alternative to other available 
treatments. Paracrine effects of the transplanted stem cells 
influence the microenvironment of the host tissue towards 
functional regeneration of damaged organ. Ex-vivo expansion 
and genetic modification of stem cells provides promising 
results in the preclinical studies. However, before its induction 
to the routine clinical application, more validation is necessary, 
specially evaluating long-term effects.  
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